Engineered S. cerevisiae employing the xylose reductase pathway enables efficient xylose valorization to fuels and chemicals. However, toxicity of thermochemically pretreated biomass hydrolysate on S. cerevisiae is one of the key technical challenges to upgrade biomass-derived sugars including xylose and glucose into high-value products. We investigated the effect of glycolaldehyde, one of the biomass-derived highly toxic aldehyde compounds, and its combinatorial inhibitory effect with other major fermentation inhibitors commonly found in plant hydrolysate such as methylglyoxal, 5-HMF, furfural, vanillin, and acetic acid on engineered xylose-fermenting S. cerevisiae in xylose and/or glucose media. We elucidated that glycolaldehyde and methylglyoxal are the key inhibitory short-aliphatic aldehydes on engineered xylose-fermenting S. cerevisiae in xylosecontaining medium. Indeed, the degree of toxicity of these tested fermentation inhibitors varies with the sole carbon source of the medium. We demonstrate that genome integration of an extra copy of autologous GRE2 with its native promotor substantially improved the toxic tolerance of engineered xylose-fermenting S. cerevisiae to major inhibitory compounds including glycolaldehyde in the xylose-containing medium, and xylose-rich, lignocellulosic hydrolysate derived from Miscanthus giganteus, and concurrently improved the ethanol fermentation profile. Outcomes of this study will aid the development of next-generation robust S. cerevisiae strains for efficient fermentation of hexose and pentose sugars found in biomass hydrolysate.
Introduction
Lignocellulose has been regarded as a promising carbohydrate source for producing biobased products such as biofuels or value-added chemicals due to its abundant availability, low cost, and high potential for reducing greenhouse gas emissions (Cherubini 2010) . The major carbohydrates comprising lignocellulose are cellulose and hemicellulose; cellulose is composed of glucose, whereas, hemicellulose is a heterogeneous polysaccharide composed of mixed sugars including mainly xylose and arabinose. However, the major technical barrier to generate sugars from lignocellulosic biomass is the recalcitrant and rigid cell wall structures composed of lignin, which impedes enzyme accessibility. Therefore, pretreatment of lignocellulosic biomass to remove the rigid cell wall structures is the prerequisite for the economic feasibility of the bioconversion process (Nanda et al. 2016) .
For pretreatment of lignocellulosic biomass, chemical pretreatment such as dilute acid hydrolysis or alkaline extraction and hydrothermal pretreatment using hot compressed water (HCW) have been most widely applied (Chiaramonti et al. 2012) . Especially, hydrothermal pretreatment showed good separation of hemicellulose from the biomass, resulting in higher recovery yield of hemicellulose as compared with other pretreatment methods (Lu et al. 2009 ). For example, when sugarcane bagasse was pretreated using HCW with the optimum conditions at 80°C for 30 min and 1 MPa, the yield of xylose reached to 85% of the theoretical maximum (Liu and Wyman 2005) . Moreover, in contrast with chemical pretreatment, hydrothermal pretreatment requires no toxic chemicals such as sulfuric acid or acetic acid, which promotes degradation of sugar into furfural or 5-hydroxymethylfurfural (5-HMF) (Chiaramonti et al. 2012; Yu et al. 2007 ). However, similar to other methods, HCW treatment of lignocellulose also liberates fermentation inhibitors such as glycolaldehyde and methylglyoxal mainly due to the retro-aldol condensation and dehydration of sugars, respectively (Yu et al. 2007) .
Glycolaldehyde, one of the strongest fermentation inhibitors in yeast S. cerevisiae, can be generated during the HCW treatment of lignocellulose (Jayakody et al. 2017) . By hydrothermal pretreatment using HCW, glycolaldehyde was generated with a raging from 2 to 28 mM, corresponding to 0.12 to 1.68 g l −1
, then 1-10 mM glycolaldehyde was sufficient to inhibit fermentation of S. cerevisiae (Jayakody et al. 2017) . As compared with other fermentation inhibitors such as furfural and 5-HMF, strain improvement to enhance glycolaldehyde tolerance has rarely been developed. In the previous study, introduction of endogenous alcohol dehydrogenase, ADH1 and 3-methylbutanal reductase and methylglyoxal reductase GRE2 coding for nicotinamide adenine dinucleotide (NADH)-dependent reductase and nicotinamide adenine dinucleotide phosphate (NAD(P)H)-dependent reductase, respectively, were reported to enhance glycolaldehyde tolerance in S. cerevisiae by converting glycolaldehyde to ethylene glycol, which was not toxic to the yeast cells (Jayakody et al. 2012 (Jayakody et al. , 2013b . Also, expression of Gre2p detoxified more effectively than that of Adh1p during glucose fermentation in the presence of ≥ 5 mM glycolaldehyde by S. cerevisiae (Jayakody et al. 2013b ). In addition to glycolaldehyde, expression of endogenous Gre2p or Gre2p originating from Scheffersomyces stipitis into S. cerevisiae improved tolerance toward the toxicity of several aldehydes during glucose fermentation (Jayakody et al. 2013b; Moon and Liu 2012; Wang et al. 2016) .
However, the toxicity of fermentation inhibitors varied depending on the supplied carbon sources (Delgenes et al. 1996; Hasunuma et al. 2011; dos Santos Cordeiro Perna et al. 2018 ).
In particular, those inhibitory effects were highly increased to xylose-fermenting yeast cells as compared with glucosefermenting yeast cells due to redox imbalance and lowenergy status under xylose condition (Ask et al. 2013b) . Given that glucose and xylose are the major components of lignocellulose-derived sugars, detoxification of inhibitors under both sugar conditions, glucose and xylose, are crucial for strain improvement.
In this study, we have compared the toxicity of glycolaldehyde on the engineered S. cerevisiae under both sugar conditions, xylose and/or glucose. Then, the inhibitory effects of glycolaldehyde on the enzymatic activities of xylose reductase and xylulose dehydrogenase encoded by XYL1 and XYL2 involved in xylose assimilation were investigated. Finally, the effects of an extra copy of the GRE2 on detoxification of glycolaldehyde in the engineered S. cerevisiae under xylose and glucose conditions were elucidated. This study can provide useful information on yeast strain improvement to increase tolerance to inhibitors for producing biofuels or value-added chemicals from lignocellulosic sugars.
Materials and methods

Strains and culture conditions
Escherichia coli TOP10 (New England BioLabs Inc., Ipswich, MA, USA) was used as a host for construction and manipulation of plasmids. E. coli TOP10 was grown in LuriaBertani (LB) broth containing 5 g l −1 yeast extract, 10 g l
tryptone, 10 g l −1 NaCl, and 100 μg ml −1 ampicillin as a selection marker at 37°C and 250 rpm. The yeast strains used in this study are listed in Table 1 peptone was supplemented with the carbon sources as follows; 40 g l −1 of glucose (YPD40), 40 g l −1 of xylose Able to grow in tryptophan-minus medium This study SR8 QA +pRS404-GRE2 Genome integration of 1 copy of native GRE2 of SR8, and strain is able to grow in tryptophan-minus medium This study (YPX40), or a mixture of 40 g l −1 of glucose and xylose (YPXD40) was used for fermentation of yeast strains. The diluted, acid-treated lignocellulose hydrolysates derived from Miscanthus giganteus at the National Renewable Energy Laboratory (NREL, Golden, CO, USA) was used as an actual biomass hydrolysate for this study . The hydrolysate was neutralized to pH 6.5 with calcium hydroxide and supplemented with 6.7 g l −1 of yeast nitrogen base without amino acids and ammonium sulfate (Becton Dickinson and Company, Franklin Lakes, NJ, USA) and 790 mg l −1 of yeast complete synthetic medium.
Five milliliters of 1 M stock solution of inhibitors were prepared by diluting appropriate amounts of methylglyoxal (Sigma-Aldrich, St. Louis, MO, USA), HMF (SigmaAldrich, St. Louis, MO, USA), acetic acid (Sigma-Aldrich, St. Louis, MO, USA), vanillin (Sigma-Aldrich, St. Louis, MO, USA), and furfural (Sigma-Aldrich, St. Louis, MO, USA) in Milli-Q (MQ) water. Of note, considering the dynamics of glycolaldehyde monomer concentrations in a water solution, and 1 M of glycolaldehyde solution was obtained by dissolving 6.2 g of glycolaldehyde dimer in 5 ml of MQ water as previously described (Jayakody et al. 2012; Kua et al. 2013 ).
Strains and plasmid construction
All strains used for this study are described in Table 1 . Plasmids for genome integrating an extra copy of GRE2 were constructed by standard cloning techniques. In brief, the GRE2 fragment (2041 bp), including its native promoter and terminator, was obtained from PCR reactions of genomic DNA of the SR8 yeast strain (Kim et al. 2013b ). The gene fragment was obtained from the forward primer GRE2-KpnIFw (5′-CCCGGTACCGTGAACTATGTCATATTTGC-3′) and the reverse primer GRE2-SalI-Rw (5′-CCCG GGCTACCATTTTGTGAATCAA-3′), and the pRS404 vector plasmid was digested with KpnI and SmaI. The purified DNA products were ligated by using DNA ligase and transformed into E. coli TOP10 chemically competent cells for plasmid amplification. The plasmids were recovered, and correct insertions of the GRE2 gene were verified by gel electrophoresis and sequencing analysis. Then the linearized plasmid with SmaI was transformed into the SR8 QA strain by using a high-efficiency yeast transformation technique (Gietz and Woods 2002) . A successful transformant was selected in an SC-trp plate, and the resulting strain was named SR8 QA + pRS404-GRE2, and the control strain SR8 QA +pRS404 was obtained by transformation of an empty vector, pRS404.
Yeast fermentations
All fermentation experiments were performed in 25 ml of fermentation media in a 250-ml Erlenmeyer flask. The fermentation flasks were incubated under micro-aerobic conditions at 30°C with 100 rpm. Yeast strains were pre-cultured overnight in YPD20 medium and added to culture medium with the appropriate cell concentration. In YPX40, YPD40, and YPXD40 fermentation media, initial cell culture concentrations were maintained at OD 600 = 0.1. However, in lignocellulose hydrolysate fermentations, high initial cell concentrations of OD 600 = 1 or OD 600 = 10 were used. One milliliter of the samples was taken out at appropriate time intervals and subjected to analysis.
Metabolite analysis
Glucose, xylose, xylitol, ethanol, acetate, and glycerol concentrations of fermentation samples were measured with an Agilent 1200 series high-performance liquid chromatography (HPLC) system equipped with a Rezex™ ROA Organic Acid H + (8%) column. Sulfuric acid at 0.005 N was used as a mobile phase with the flow rate of 0.6 ml min −1 , and the column temperature was maintained at 50°C. Glucose (RT-11.92 min), xylose (RT-13.03 min), fructose (RT-15.02 min), and glycolaldehyde (RT-15.48 min) concentrations in biomass hydrolysate were determined by HPLC (Agilent Technologies 1200 Series) equipped with a refractive index detector using a Rezex™ RCM-Monosaccharide Ca +2 (8%) column (Phenomenex Inc.). EPure water was used as a mobile phase with a flow rate of 0.6 ml min , and the column temperature was maintained at 80°C.
Enzyme activity assay
For extracting whole lysate protein for enzyme assays, strains were grown in YPD20 and harvested during exponential growth phase. The cells were collected by centrifugation at 4000 rpm for 5 min, washed with MQ water twice, and resuspended in Y-PER solution supplemented with protease inhibitor cocktail (Roche Applied Science, Indianapolis, USA). Whole lysate proteins were obtained by following manufacturer-recommended protocol (Pierce, Rockford, IL, USA). The protein concentration of samples was assessed with a BCA protein assay kit (Pierce) by following the manufacturer's protocol. The enzyme activities of XR and XDH were measured by detecting the oxidation of NADPH and reduction of NAD + , respectively, reading absorbance changes at 340 nm with BioTek's Synergy HT plate reader (Biotek, Winooski, VT), while glycolaldehyde reduction activity was measured with oxidation of NADH or NADPH. Two hundred microliters of a reaction mixture containing 140 μl of 50 mM sodium phosphate buffer (pH 6.5), 20 μl of 1 M xylose, 20 μl of 2 mM NADPH, and 20 μl of the cell extracts were used for the XR activity assay. The XDH activity was measured with a 200-μl reaction solution containing 140 μl of 50 mM Tris buffer (pH 9), 20 μl of 1 M xylitol, 20 μl of 2 mM NAD + , and 20 μl of the cell extracts. To monitor NADPH-or NADHdependent glycolaldehyde-reducing activity, a 200-μl reaction mixture containing 140 μl of 50 mM sodium phosphate buffer (pH 6.5), 20 μl ml −1 of 0.1 M glycolaldehyde, 20 μl of 2 mM NADPH or NADH, and 20 μl of the cell extracts were used. One unit (1 U) of enzyme was defined by the conversion of 1 μM of NADH, NADPH, or NAD + per minute. The units were normalized to the total protein (mg).
Statistical analysis
All experiments were performed independently in triplicate from the respective independent starter culture. The results are expressed in mean values and standard error of mean. A one-way analysis of variance (ANOVA) followed by Tukey's post hoc honest significance difference test was used for multiple comparisons. A one-tailed Student's t test without known deviations was adopted for a pair-wise comparison of the differences between the sample averages of two groups. In order to determine interactions between the major inhibitors present in hydrolysate for combinational inhibitory effects, a threelevel partial factorial growth experiment was performed with 5-HMF, furfural, methylglyoxal, acetic acid, vanillin, and glycolaldehyde. In the design, level 1 at effective concentration of growth inhibition (EC), EC 0 (0 mM of all inhibitors), level 2 at EC 10-15 (2.5 mM inhibitors), and level 3 at EC [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] (5 mM of inhibitors) were adopted with 27 interactions tested according to the experimental design. The growth of the SR8 strain in the presence of appropriate inhibitors in 200 μl of YPX40, YPD40, and YPXD40 was monitored by the Bioscreen C plate reader system (Growth Curves USA, Piscataway, NJ). Initial cell density of the culture was set at OD 600 = 0.1, and the 96 well-plate was incubated at 30°C with continuous medium shaking. The OD 600 was recorded every 30 min. Three individual experiments and average growth values were subjected to data analysis. Data analysis was performed by using MINITAB 17 (Minitab Inc) statistical software. The partial least square (PLS) regression modeling of multivariate data were performed with Multibase software (http://www.numericaldynamics.com/).
Results
Effect of glycolaldehyde in engineered xylose-fermenting yeast S. cerevisiae.
It has been reported that glycolaldehyde inhibits the growth of the yeast S. cerevisiae in glucose-containing medium or hotcompressed water-treated cellulose-derived hydrolysate (Jayakody et al. 2012) . However, the effect of glycolaldehyde in xylose-containing medium on S. cerevisiae has not been explored. To this, we incubated the SR8 strain, an efficient engineered xylose-fermenting S. cerevisiae, into YPX40 medium in the presence of different concentrations of glycolaldehyde. Growth data revealed that ≥ 10 mM of glycolaldehyde significantly inhibits the growth of the SR8 strain (p < 0.01) and 20 mM glycolaldehyde is a lethal concentration for the SR8 strain (Table 2) . Indeed, the effective glycolaldehyde concentration of 50% growth inhibition (EC 50 ) of the SR8 strain is 9.08 ± 0.09 mM in xylosecontaining medium (Fig. S1 ). Moreover, fermentation results showed that glycolaldehyde significantly reduces xylose uptake rate and ethanol yield, for instance, at a 10 mM glycolaldehyde concentration, a 68% reduced xylose uptake rate (p < 0.01) and a 70% reduced ethanol yield (p < 0.01) were observed relative to the 0 mM glycolaldehyde control (Table 3 ). In contrast, at 5 mM glycolaldehdye concentration, we observed that glycolaldehyde improves the ethanol yield by~11% (p < 0.05) while reducing xylitol production by 40% (p < 0.05) relative to the control condition (Table 3) . Furthermore, we analyzed the enzymatic activity of XDH and XR under glycolaldehyde incubation as these are the major enzymes involved in metabolizing xylose, and we observed that XDH activity is significantly inhibited at 10 mM glycolaldehyde (Fig. S2) . Thus, xylitol yield increased by 144% relative to the control condition (p < 0.05) ( Table 3) . At 10 mM glycolaldehyde, we observed that around half of consumed xylose is converted to xylitol (Table 3 ). These data suggested that glycolaldehyde might damage the XDH protein or inhibit its activity, and we have initiated a study to analyze this effect in detail. Given that at low concentration of glycolaldehyde (≤ 5 mM), conversion of glycolaldehyde to ethylene glycol in S. cerevisiae yields NAD + (Jayakody et al. 2013b) , it could enhance the NAD + -dependent XDH activity by providing extra NAD + . Although it is not statistically significant, a slight improvement of XDH activity was detected with a sublethal, low concentration of glycolaldehyde (≤ 5 mM) (Fig. S1a) . However, the XR activity is not inhibited by glycolaldehyde at tested concentrations (Fig. S1b) . The next question we asked was how vigorous the glycolaldehyde inhibitory effect in xylose-containing medium was relative to glucose-containing medium on engineered xylose-fermenting S. cerevisiae. The degree of the glycolaldehyde inhibitory effect depends on the major fermentation carbon source
The spotting assay unveiled that the inhibitory effect of glycolaldehyde is relatively higher in xylose-containing medium than in glucose-containing medium (Fig. 1a ). This result is further supported by the growth rate data. Indeed, at 10 mM glycolaldehyde, the relative growth inhibition (growth rate with inhibitor/growth rate without inhibitor) of the SR8 strain in YPD40 was 0.405 ± 002, whereas in YPX40 it was 0.381 ± 016 (p < 0.05) ( Table 2) . Thus, the results unveiled that the extent of the inhibitory effect of glycolaldehyde varies by the fermentation carbon source. The calculated EC 50 value of glycolaldehyde on the SR8 strain is low in xylose-containing medium (9.08 ± 01 mM) relative to glucose-containing medium (10.64 ± 17 mM) or glucose-and xylose-containing medium (9.20 ± 01) (Fig. S1) . However, the concentration of the carbon source(s) does not have a significant impact on the inhibitory effect of glycolaldehyde (data not shown). These data are consistent with a former study which claimed the effect of inhibitors vary with the type of carbon source but not with carbon source concentration (Ask et al. 2013a ). We also analyzed the carbon source-dependent inhibitory effect of other key inhibitors present in the acid treated-lignocellulosic hydrolysate, such as methylglyoxal, acetic acid, furfural, 5-HMF, and vanillin. All tested inhibitors posed a statistically significant, relatively higher growth inhibition in the xylose-containing medium than in the glucose-containing medium (Fig. 1b) . Furthermore, we assayed the XR and XDH enzymatic activity under the combined inhibitory effects of these key inhibitors.
As an important result, both enzyme activities are significantly reduced at 5 mM combined inhibitory concentrations (Fig. 2) . Thus, this result provides strong evidence that the combined effect of glycolaldehyde with other inhibitors is stronger than the singular inhibitory effect of glycolaldehyde. Moreover, at 5 mM combined inhibitory concentration, glycolaldehyde plays a major role for inhibition of XR activity (Fig. 2) . Taken together, we reveal that the degree of inhibitory effects of fermentation inhibitors depends on the carbon source of the medium. To further explain the carbon source-dependent inhibitory effect of inhibitors to the growth of engineered xylose-fermenting S. cerevisiae, we performed the megavariate data modeling.
Dissection of complex inhibitory effects of key fermentation inhibitors in different carbon sources on an engineered xylose-fermenting S. cerevisiae
To explain the contribution of individual fermentation inhibitors within the combined fermentation inhibitor fermentations. we performed a three-level fractional factorial experiment with major inhibitors in YPX40, YPD40, and YPXD40 media followed by PLS regression analysis. We used the variable important parameter (VIP) of the PLS model to explain the inhibitor contribution of each compound from the total inhibitory effect (Fig. 3) . As a result, glycolaldehyde more largely contributed to the total inhibitory effect as compared with other inhibitors in all media. However, a relatively lower level of contribution to inhibition by glycolaldehyde was detected in YPX40 medium than in YPD40 or YPXD40 media (Fig. 3) . Notably, we observed that the contribution to growth inhibition by methylglyoxal is significantly increased in YPX40 or YPXD40 media relative to YPD40 medium (Fig. 3) . On the other hand, the contribution for to growth inhibition by 5-HMF is larger in YPD40 medium than in YPX40 or YPXD40 media (Fig. 3) . In YPX40 medium, furfural and acetic acid contribute less to the total inhibitory effect than in YPD40 or YPX40 media (Fig. 3) . Although vanillin contributes largely to the inhibitory effect in YPX40 medium, a lower level of contribution was recorded in YPD40 and YPXD40 media (Fig. 3) . Taken together, these results suggest that glycolaldehyde and 
)
Glycerol yield (g g Yield are expressed as total product per consumed total sugar n.d., not detected methylglyoxal are the key targets to decrease the combined inhibitory effect of key inhibitors on S. cerevisiae in xylosecontaining medium. With this in mind, we searched for a decent candidate enzyme that could effectively detoxify these major , on YPX40 or YPD40 plates with or without different concentrations of glycolaldehyde (GA). The plates were then incubated at 30°C. b Sensitive index of inhibitors in xylose-and glucose-containing medium. Sensitive index is defined as a ratio of growth rate of samples at 24 h incubation with or without 10 mM respective inhibitor [glycolaldehyde (GA), acetic acid (AA), 5-HMF, vanillin (Van), furfural (Fu), and methylglyoxal (MG)]. Five milliliters of YPD40 and YPX40 medium with or without 10 mM of respective inhibitor were inoculated with the SR8 strain at initial OD 600 = 0.1 and incubated at 30°C at 100 rpm. Results are the average of five independent replicates. The level of statistical significance is indicated for differences between the samples (*p < 0.05, **p < 0.01) inhibitory compounds to improve the robustness of xylosefermenting S. cerevisiae in xylose-containing medium. The NAD(P)H-dependent Gre2p was in the priority list, since it has been reported to reduce glycolaldehyde into ethylene glycol by a NAD(P)H-dependent manner (Jayakody et al. 2013b ), reduce methylglyoxal into lactaldehyde by a NADPH-dependent reaction (Guo et al. 2014) , and efficiently detoxify both compounds. Therefore, we exploited the role of Gre2p in inhibitor tolerance of the engineered xylose-fermenting SR8 strain.
Adding an extra copy of GRE2 improved the tolerance and enhanced the fermentation characteristic of an engineered xylose-fermenting yeast strain in medium containing xylose and fermentation inhibitors promotor would be sufficient to prove our hypothesis. Based on this information, we integrated an extra copy of the putative GRE2 under its native promotor into the SR8 QA strain by using the pRS404 plasmid and obtained the SR8 QA -pRS404-GRE2 strain. Spot assays showed that the SR8 QA -pRS404-GRE2 strain displayed improved resistance to glycolaldehyde in YPX40 medium relative to the SR8 QA -pRS404 strain (Fig. 4a) . The enzymatic activity assay revealed that the NADPH-dependent glycolaldehyde reduction activity was approximately double in the SR8QA-pRS404-GRE2 strain relative to the SR8 QA -pRS404 strain, whereas NADH-dependent activity marginally increases relative to the SR8 QA -pRS404 strain (Fig. 4b) . Consistent with the enzymatic activity data, we observed that the SR8 QA -pRS404-GRE2 strain has a significantly higher rate of ethylene glycol production (2.3-fold) in 10 mM glycolaldehyde-containing YPX40 medium relative to the SR8 QA -pRS404 strain (1. 78 ± 09 vs 0.77 ± 27 mM h −1 , p < 0.05). Of note, the expression of the same reductase family protein, Gre3, was reported to increase xylitol yield, a byproduct of xylose metabolism by xylose-fermenting yeast through enhancement of xylose reductase activity (Kim et al. 2013a) , unlike Gre3, Gre2 does not appear to contribute to xylose reductase activity (Fig. S3) .
Then, we pitched the SR8 QA -pRS404-GRE2 strain into YPX40 medium containing 10 mM of combined inhibitors (glycolaldehyde, methylglyoxal, 5-HMF, furfural, acetic acid, and vanillin). The fermentation data revealed that the SR8 QApRS404-GRE2 strain significantly enhances the rate of xylose consumption by 6.6-fold (p < 0.01) and ethanol yield by 42.4% (p < 0.05) relative to the SR8 QA -pRS404 strain in the presence of inhibitors (Table 4 ). In addition, we detected that adding an extra copy of GRE2 enhances the ethanol yield at the cost of glycerol (Table 4) . Indeed, glycerol production of the SR8 QA -pRS404-GRE2 strain significantly reduces by 4-fold (p < 0.01) compared with the SR8 QA -pRS404 strain in inhibitor-containing xylose medium. We note that the SR8 QA -pRS404-GRE2 strain was still accumulating more xylitol in the presence of inhibitors than without the presence of inhibitors (Table 4 ). Since we get remarkable enhancement of inhibitor tolerance and ethanol production with the SR8 QApRS404-GRE2 strain, we then tested the strain fermentation capacity in an actual Miscanthus-derived xylose-rich hydrolysate.
Improved fermentation profile of the xylose-fermenting strain expressing an extra copy of GRE2 in lignocellulosic hydrolysate
We performed the fermentation in hydrolysate (liquid fraction) derived from dilute acid pre-treated Miscanthus. It has been reported that the acid-treated hydrolysate contains a trace amount of glycolaldehyde (Cavka et al. 2015) . Therefore, we analyzed the Miscanthus hydrolysate and found that it contains 0.2 mM of glycolaldehyde, which previously has not been identified (Fig. S4) . We conducted the experiment with a low initial cell density culture (OD 600 = 1) and observed that the SR8 QA -pRS404-GRE2 strain grows and consumes all the glucose at a slow rate in the hydrolysate while producing ethanol. However, the SR8 QA -pRS404 strain was unable to grow in the hydrolysate. Of note, a former study showed that the SR8 strain was only able to grow in hydrolysate at a high cell density culture (OD 600 = 10) . Therefore, these data indicate that the addition of an extra copy of GRE2 significantly enhances the robustness of the SR8 strain towards toxic hydrolysate. However, we observed that in the low initial cell density fermentation (OD 600 = 1), the SR8 QA -pRS404-GRE2 strain displayed xylose consumption and xylitol accumulation, most probably due to XDH damage caused by fermentation inhibitors (Table 5) . With a high initial cell density culture (OD 600 = 10), we detected that the SR8 QA -pRS404-GRE2 strain and the SR8 QA -pRS404 strain depleted glucose within 12 h. However, the xylose consumption was much more rapid in the SR8 QA -pRS404-GRE2 strain relative to the SR8 QApRS404 strain, and the ethanol yield was increased while reducing byproduct formation in the SR8 QA -pRS404-GRE2 strain relative to the SR8 QA -pRS404 strain (Table 5 ).
Discussion
The toxicity of fermentation inhibitors present in the hydrolysate on the yeast S. cerevisiae is one of the grand challenges in the effort of developing a sustainable biofuel and chemical production platform from biomass. Of note, it has been widely considered molecular functional group of inhibitors and the interactive (synergetic or combinational) effects of inhibitors for tailoring microorganisms to ferment biomass hydrolysate (Almeida et al. 2007; Jayakody et al. 2015; Liu 2011; Skerker et al. 2013) . In this study, we elucidated that the degree of inhibitory activity of fermentation inhibitors such as Fig. 4 Expressing an extra copy of GRE2 rescues cells from glycolaldehyde toxicity and the combined inhibitory effects of key fermentation inhibitors in xylose-containing medium. a Spot assay of the SR8 QA strain, the SR8 QA +pRS404 strain, and the SR8 QA +pRS404-GRE2 strain under glycolaldehyde stress. The assay was carried out by spotting 5 μl of each overnight culture, diluted from 10 −1 to 10
, on YPX40 medium with or without different concentrations of glycolaldehyde. The plates were then incubated for 48 h at 30°C. b NAD(P)H-dependent enzyme activity assay of glycolaldehyde; bars labeled with different letters indicate statistical significance of different NAD(P)H activities of samples (p < 0.05; one-way ANOVA followed by Tukey's post hoc honest significance difference test). c Growth rates of strains under combined inhibitory effect of the key inhibitors, the level of statistical significance is indicated for differences between the strains (**p < 0.01). Results are the average of three independent replicates glycolaldehyde, methylglyoxal, 5-HMF, furfural, vanillin, and acetic acid on engineered xylose-fermenting yeast S. cerevisiae is vastly dependent on the media carbon source. Indeed, it is one of the key components to be considered for developing a robust yeast for biofuels and chemicals production, which has not been previously considered. Aldehydes often impose molecular toxicity through adduct reactions between aldehydes and proteins (Jayakody et al. 2013a (Jayakody et al. , 2018 . The extent of damage is closely related to the electrophilicity (ω) and chemical structure of the aldehyde (sterics) (LoPachin and Gavin 2014; LoPachin et al. 2011) . Aldehydes are classified into the subgroups based on their molecular structure, and the toxic potency subgroups of aldehydes could be described as follows; α-oxoaldehydes (e.g., glycolaldehyde) > soft α,β-unsaturated non-hindered aldehydes (e.g., acrolein) > hard, non-hindered aldehydes (e.g., acetaldehyde) > hard aldehydes with short or long chain alkanals (e.g., pentaldehyde) > aromatic aldehydes (LoPachin and Gavin 2014) . Given that glycolaldehyde and methylglyoxal are α-oxoaldehydes and carry high ω (2.60 and 5.34 eV, respectively) and low stearic hindrance relative to the other tested aldehydes inhibitors, these inhibitors exhibit a distinctly efficient mechanism to crosslink proteins through targeting neutrophilic lysine residues and/or cysteine residues via the formation of a Schiff-base and concurrent Amadori rearrangement (Glomb and Monnier 1995; Jayakody et al. 2017) . As a result, the inhibitory effects of glycolaldehyde and methylglyoxal are severe as compared with those of other inhibitors such as aromatic aldehydes (furfural, 5-HMF, and vanillin) in glucose-, xylose-, or glucose and xylose mixed media (Fig. 3) . Furthermore, it has been demonstrated that inactivation of XR activity through targeted modification of cysteine residues on cofactor binding sites of the protein by electrophilic compounds such as p-chloromercuriphenylsulphonate or 5,5′-dithiobis-(2-nitrobenzoic acid) (Webb and Lee 1992) . Similarly, glycolaldehyde and methylglyoxal might effectively modify proteins through targeting the cysteine and thiol groups of XR and XDH proteins. Indeed, we observed a significant loss of activity of XDH in the presence of glycolaldehyde. Thus, it is vital to further investigate in detail the ability of these inhibitors to modify XDH and XR. In addition, aldehydes often shows an additive inhibitory effect with other functional classes of inhibitors and largely contributes to the combinatorial inhibitory effect of a mixed inhibitory medium (Jayakody et al. 2015 (Jayakody et al. , 2018 . For instance, in glucose and xylose co-fermentation, it has been reported that in a mixed inhibitory medium, vanillin shows an additive inhibitory effect on xylose-fermenting S. cerevisiae (Li et al. 2017) , which may result in translational repression of xylose metabolic enzymes by vanillin (Nguyen et al. 2018) . Consistent with Li et al.'s (2017) findings, our data elucidated that vanillin exerts high toxicity on the xylose-fermenting strain in xylose-containing medium relative to glucose-containing medium, and vanillin was the third strongest contributor for combined inhibitory effects (Fig. 3) ; however, the exact mechanisms behind this phenomenon have yet to be discovered. Furthermore, our results suggested that glycolaldehyde poses a combinatorial inhibitory effect on XDH and XR activities in the mixed inhibitory medium ( Fig. 2; Fig. S2 ).
Of note, it has been reported that methylglyoxal inhibits the growth of glucose-fermenting yeast by inducing ubiquitindependent endocytosis and degradation of the glucose sensors Rgt2 and Snf3 which in turn diminish the expression of genes The tested inhibitors are glycolaldehyde, methylglyoxal, acetic acid, 5-HMF, furfural, and vanillin encoding hexose transporters (Hxt) that are also used for xylose uptake (Roy et al. 2016; Salusjärvi et al. 2008) . Salusjärvi et al. (2008) revealed that extracellular xylose is also Bsensedb y Rgt2p and Snf3p. Thus, under the presence of methylglyoxal, xylose transporters might be severely affected. Additionally, the glyoxylate cycle, which plays a major role for metabolizing and detoxifying methylglyoxal, is reported to be partially repressed under xylose as a sole carbon or glucose and xylose mixed medium (Kimura and Inoue 1993; Salusjärvi et al. 2008) . Taken together, this information supports our finding that methylglyoxal is more toxic in xyloseor xylose and glucose-containing medium as compared with that of glucose-containing medium (Fig. 3) . Glycolaldehyde might cause the same damage, and the findings in this report encourage analyzing the effect of glycolaldehyde on sugar transporter stability in yeast. As previously reported, engineering ubiquitin or sumoylation pathways in S. cerevisiae would be a potential target to overcome protein damage and further improving the strain tolerance toward the toxicity of methylglyoxal and glycolaldehyde in xylose-containing medium (Becuwe and Léon 2014; Jayakody et al. 2015 ).
All of the tested inhibitors have a high toxic potency in xylose-containing medium relative to glucose medium (Fig. 1b) . Notably, ATP and NAD(P)H are the key elements to detoxify reactions of these inhibitors (Jayakody et al. 2013a; Liu 2011) . Thus, the most probable reason behind this phenomenon is attributed to the reduced energy and redox generation potential of S. cerevisiae from xylose as compared with that of glucose as a sole carbon source (Ask et al. 2013b ). Indeed, a metabolomic analysis revealed that xylose catabolism and energy supply were the limiting steps in xylose utilization under the stress of furfural, acetic acid, and phenol (Wang et al. 2014 ). On the other hand, NADPH is one of the main constituents to battle with most of these tested inhibitors (Jayakody et al. 2013a) . Given that most of the inhibitors (furfural and glycolaldehyde) shift redox cofactor preference to NADPH over NADH at high inhibitor concentrations (Jayakody et al. 2013a (Jayakody et al. , 2017 , and XR utilizes NADPH as a cofactor, NADPH might be a limiting factor in xylose medium. It has been reported that saturation of the pentose phosphate pathway occurs if the demand for NADPH reaches to more than 20-fold of the anabolic demand (Celton et al. 2012) . Thus, in response to perturbation of cellular NADPH levels, S. cerevisiae modulates acetate and glycerol production and generates cytosolic NADPH via acetate and glycerol-dihydroxyacetone redox shunts (Celton et al. 2012; Jayakody et al. 2017) . As a result, we observed that the strain expressing an extra copy of GRE2 significantly increased the acetic acid yield by 337.4% (p < 0.01) and dramatically reduced the glycerol yield by 75% (p < 0.01) relative to the control strain in xylose medium containing fermentation inhibitors ( Table 4 ).
Given that the S. cerevisiae Gre2p has broader substrates specificity (Guo et al. 2014; Moon and Liu 2012; Warringer and Blomberg 2006) , our results strongly indicated that it greatly improved the tolerance of S. cerevisiae to the combined inhibitory effects of fermentation inhibitors present in Miscanthus hydrolysate and improved the overall fermentation profile (Table 5 ). In addition to the reported inhibitors, which could effectively be detoxified by the native Gre2p of S. cerevisiae, we performed the experiments and confirmed that Gre2p also converts vanillin into the less toxic vanillin alcohol through an NADPH-dependent reaction and improved the S. cerevisiae growth under vanillin stress (Fig. S5) .
It has been reported that expression of GRE2 displays very low transcript levels under normal growth conditions but exhibits substantial induction of transcription upon the presence of stress compounds including glycolaldehyde (Dolz-Edo et al. 2013; Garay-Arroyo and Covarrubias 1999; Jayakody et al. 2017) . Indeed, GRE2 has native dose-sensitive dynamic promoters which act as a genetic Bswitch^in the presence or absence of stressors (DolzEdo et al. 2013) . Given the high expression capacity of the native GRE2 promotor, our data elucidate that addition of a single copy of GRE2 under its native promoter is adequate to have significant tolerance improvements to inhibitors ( Fig. 4a ; Table 4 ). Of note, we also tested the strain tolerance capacity of GRE2 by introducing a multicopy plasmid (pRS426-GRE2) to the SR8 QA strain, under its native promotor, but we did not observe the significant tolerance improvement to inhibitors (glycolaldehyde/vanillin) relative to the GRE2 single copy bearing SR8 QA strain (data not shown). Collectively, these results suggest that it is better to employ the GRE2 native promotor rather than constitutive promotors to drive genes, which are needed to be overexpressed only under specific stress conditions. This approach might reduce the cellular burden which is associated with unnecessary production of proteins and inclusion body formation due to irrelevant high expression of genes (Mitraki et al. 1991; Thomas and Baneyx 1996) .
In summary, this report revealed that (i) glycolaldehyde and methylglyoxal are the key inhibitory aldehydes of engineered xylose-fermenting S. cerevisiae, (ii) the toxic potency of glycolaldehyde vary with the carbon source of the fermentation medium, and (iii) adding an extra copy of Gre2 substantially improves the toxic tolerance of S. cerevisiae to glycolaldehyde and major inhibitory compounds in the xylose-containing medium and xyloserich plant hydrolysates. Outcomes of this study will certainly aid to develop next-generation robust S. cerevisiae strains for efficient fermentation of sugars in biomass hydrolysate.
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